A new bifunctional catalyst of cobalt-phthalocyanine (CoPc) has been developed in which an efficient co-operation between oxidation catalyst and basic sites has been attained. Investigation of this bifunctional catalyst has led to the following interesting observations. (1) A significant enhancement in specific activity is observed for the bifunctional system compared with the corresponding NaOH/CoPc system (factor 50); the polymeric character of the base appears to be essential_ (2)_ The amount of basic groups incorporated in the polymer, necessary to get this high activity, is less than the amount of NaOH used in the corresponding NaOH/CoPc system by about a factor of 100 -1000. From the reaction products, being disulfide and HaO,, the accumulated HzOz is probably responsible for the formation of traces of sulfur acids, which may occupy and thus deactivate the basic sites of the polymer in subsequent runs. The high actiGty of the biiunctional catalyst may be ascribed to a fundamental change in the mechanism of oxidation, which also can be inferred from the notably reduced value of the apparent activation energy observed for the biftmctional catalyst compared with its NaOH/CoPc counterpart (8 and 12-7 kcal/mole), respectively.
Introduction
Multifunctionality seems to be one of the main characteristics of enzymes_ This presumably is connected with their high activity and selectivity_ Model systems can be useful to elucidate the factors governing the coop=erative interaction between various catalytic sites. Polymers generally have been used in the preparation of model systems, since they offer an opportunity to introduce a variety of chemical modifications_ For hydrolysis reactions, remarkable results were already obtained using multifunctional
polymers -incorporating imidazole groups -as catalyst [l, 2]_ Very reactive oxidation catalysts can be obtained by complex formation [3] of modified polymers with metal ions ]4 -63 _
The purpose of this work is to synthesize bifunctional catalysts composed of cobalt-phthalocyanine (CoPc) and a variety of polymeric bases, the catalyst obtained being tested for the oxidation of mercaptan in aqueous media, Earlier experiments in this laboratory [7] have shown polymer attached CoPc to be much more active than their homogeneous counterpart. However, the presence of additional base (NaOH) appeared to be necessary.
Other 
2.2_
Analysis of base content (Table I) The soluble polymers (PEI and PM-NH,)
were titrated with 0.1 N HCl.
Titration of PAA-NH2
shows the successive neutralization of primary amines (pK, = 9.6) and sec. amines (PK.. = 7.2), ratio l/l according to product formation as given in eqn, (1). The base content of PVAm was calculated from the nitrogen content of the corresponding PVAm.HCl (N = 15.20/o)_ The insoluble supports were analyzed according to the method usually applied to weak-base ion exchangers. 
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Method 2
In situ preparation of the polymeric catalyst, i.e., polymer as well as CoTSPc were added separately to the reaction liquid_ No substantial differences in activity were noticed between the products of the two. Only the silica system was prepared according to method 1.
Oxidation conditions
The oxidation was carried out in all-glass Warburg apparatus provided with a magnetic stirring device. The temperature of the reaction liquid was maintained constant by a thermostating jacket_ The rate of oxidation was determined by measuring the amount of oxygen consumed (ml/min) at constant oxygen pressure ("initial rate" was calculated for consumption of first 20 ml of oxygen)_ A representative experiment was carried out in 130 ml Ha0 oxidizing 1 ml (=14.25 mmol) of mercapto-ethanol (ME) with vigorous stirring; P(0,) = 1 atm., T = 24 "C. Th e amount of catalyst was chosen in such a way that an appropriate rate of oxygen consumption resulted (0.5 -5 ml/ mill)_ HzOz was quantitatively analyzed at the end of the oxidation according to a spectrophotometric method using TiCIs-HzOz as reagent 1141.
Oxidation reaction
The oxidation of mercaptan (RSH) resulted in the formation of disulfide (RSSR) together with a non-stoichiometric amount of HzOa_ The overall reaction can be represented by eqn_ (4), being a combination of eqns-(2) and (3). An ideal catalyst, therefore, should be bifunctional, Le., possess oxidation sites and basic sites in cooperative interaction_ Therefore it was attempted to bind cobalt-phthalocyanine covalently onto a carrier which contains basic groups. This led us to the observation that also without covaient bonding a very reactive catalyst system was obtainable.
4RSH + Oz 4RSH -I-2Oz
Adding a polymeric base, or an inorganic carrier modified with amine groups, was sufficient to improve the catalytic activity of an aqueous solution of CoTSPc. Soluble polymers are particularly effective in raising"the reaction rate (Table 2 ). It is noteworthy that a significant enhancement in specific rate was observed with very low amounts of basic groups, amounts that were a factor of 100 less than required in the NaOH/CoTSPc system_ Moreover, the low value found for the specific rate when using a non-polymeric amine, i-e_, To evaluate the role of the amine groups of the polymers a stoichiometric amount of HCI was added to the system sufficient to neutralize the amine groups. Alternatively, poly-(acrylamide) wifhouf incorporated basic groups was used. From the results given in Table 3 the essential role of the amine groups becomes evident.
On the other hand, addition of the normal amount of NaOH results in significant loss of activity_ Actually, a comparison of the results of exp. 5 and 6 shows the polymeric base in this case does not contribute to the activity-In this context, the observation that addition of an NaOH solution to a preformed polymer/CoTSPc complex resulted in decoloration of the polymer, is of significance_ The bond of CoTSPc with the polymer was broken apparently by the addition of NaOH.
3-2 Kinetic measurements
The rate as function of the amount of polymeric base (PAA-NH,) increases up to a maximal value_ A Michaelis-Menten description of the kinetics fits rather well as can be inferred from the Lineweaver-Burk plot (Fig. 1) . The base/CoTSPc ratio seems not to be a very important factor, rather the amount of polymeric base dictates the specific activity of the cataIytic system (Table 4) Table 5 it is clear that complete conversion has not been obtained in all cases-Apparently, the catalyst becomes gradually deactivated during the course of the reaction. However, it is possible to recover catalytic activity, at least in part, by adding an additional 1 ml portion of ME (Table 6 ) Repetition of this cycle, however, gives rise to a decrease in initial rate, particularly if the previous reaction mixture has been stored overnight (exp 2(c))_ Catalytic systems using heterogeneous bases allow an alternative way of determining their stability, namely, by separation of the heterogeneous base from the reaction liquid and re-use of it in a fresh aqueous solution of ME (1 ml) without further addition of CoTSPc. By doing so, only the fractional amount of CoTSPc fixed to the matrix will be regained_ From measurement of the activity of the next run an estimate can be made of this fraction of Table 6 , it can be caIculated that about 75% of the total amount of CoTSPc, present in the first run. will remain fixed onto the silica surface during the reaction.
4, Discussion

I Bifunc fionalify
From the results obtained it can be concluded that a bifhcfional catalyst can be created by combining a polymeric base with cobalt-tetrasulfophthalocyanine (CoTSPc), Investigation of this catalyst in the autoxidation process of mercapto-ethanol has led to the following remarkable observations_ (1) A significant enhancement in specific activity is observed for the bifunctional system compared with the conventional NaOH/CoTSPc system (factor 50).
(2) The amount of basic groups incorporated in the polymer, required for such-a high activity, is less than the amount of NaOH used in the corresponding NaOH/CoTSPc system by about a factor of 100 -1 OOO_ (3) Soluble polymers give rise to the most active systems, but also microgels or solid carriers can be used, as, for instance, cross-linked polymeric bases or inorganic materials, such as silica modified with amino-groups_ (4) The polymeric bases are much more effective in raising the activity of the catalytic system than their monomeric counterpart_ (5) The catalytic system obeys Michaeli-Menten kinetics with respect to the amount of polymeric base.
The Michaelis-Menten kinetics observed indicate the formation of a complex between the polymeric base and CoTSPc in equilibrium with its free components, while this complex acts as the actual ca+&yst_ A particularly effective cooperation between CoTSPc and the poIymeric basic groups has to be assumed within such a complex, considering the high catalytic activity using relatively low amounts of polymeric base_
4-2 Characterization of the catalytic active complex
In order to elucidate the mode of binding in the catalytic complex, we should ascertain the influence of the thiol (RSH) in modifying the basic carrier zi NHs+ RSH w !!I -NH,+ -SR_
Under reaction conditions, using 0.1 M ME (p& = 9.6), the aqueous solution will be slightly acidic (pH -5_3)_ Under these circumstances, equilibrium (7) will be strongly shifted to the right: the approximate ratio of RNH2/ RNHH (pK, = 9-6) then will be 10-4-3_ Hence, the amount of non-protonated amine can be neglected.
Complex formation between CoTSPc and the modified carrier will most probably occur by a coordinative interaction between the matrix-bound mercaptide anions and the cobalt nucleus of CoTSPc as shown in Fig. 3(a) _ Similar, non-polymeric, mercaptide complexes of Fe(H)-Porphyrins have been shown to exist and were studied as a model for Cytochrome P-450 [16] _ From these studies it became apparent that the sulfur in the mercaptide anion is a strong v-electron donor, giving rise to the high affinity for oxygen, as exhibited by these complexesIt should be noted here that a complex between CoTSPc and the amine carrier could also be obtained in the absence of RSH using methanol as the solvent for CoTSPc (see 2-3) In this case, complex formation can be accomplished by a coordinative bond between the non-protonated amine groups and the cobalt nucleus (Fig. 3(b) ). Although the proposed mechanism is a tentative one demanding further experimental evidence, the crucial point in this mechanism leading to a strongly enhanced reaction rate should be the separation of the catalytic units Tom each other, thus auoiding dimerizafion reactions, normally occurring in the NaOH/CoTSPc system. In the following, two major effects of the presence of a polymer carrier will be discussed, viz., (1) shielding and (2) diffusion controlled dimerization.
(I) Shielding
In the relevant, very diluted, solutions (e.g., 4 mg polymer per 130 ml HaO) in a good solvent, the polymer molecules will be present as separate, relatively extended coils, which certainIy do not fill all the space-Under the above conditions it then can be calculated for a typical experiment (no. 1 in Table 3 ), that the number of coils per Co-unit amounts to about 15, which means that in first approximation there are no coiZs containing more than one CoTSPc unit. As it may be expected that the polymer bound RS coordinatively interact with the Co-nucleus in CoTSPc, the catalyst will preferably be surrounded by polymer segments. The latter shielding effect will be enhanced by the high local concentration of coordinative sites within the polymeric coil, due to the non-homogeneous features of dilute polymer solutions_ As a result, the CoTSPc will be shielded by the polymeric environment against dimerization reactions, which readily occur without the use of specifically interacting polymers.
(2) Diffusion controlled dimerizafion Dimerization of polymer bound CoTSPc involves the reaction of two large polymeric species, whiIe the competing reaction only involves eIectron transfer within the complex. A reasonable estimation of the upper limit of the apparent rate constant of this dimerization reaction seems to be the rate constant of the (diffusion controlled) termination in radical polymerizations, Le., lo7 M-l s-l. Since the dimerization in NaOH/CoTSPc systems appears to be an intrinsically fast reaction (approx-order of 10' ), it becomes evident that the dimerization of polymer bound CoTSPc wih be diffusion controlled to such an extent as to favor the competing fast electron transfer reaction_ Further supporting evidence for such a fundamental change in the mechanism of oxidation in the presence of specific polymers has been obtained by measurements of the observed overall activation energy, being 7-S kcal/mole for the PAA-NH,/CoTSPc system and 12.7 kcal/mole for the NaOH/CoTSPc system. For the heterogeneous silica-NHz/CoTSPc system even a lower value A study of the specific activity as a function of the amount of CoTSPc bound to the polymer will serve to shed light on this question_ Figure 4 shows the specific activity to be independent of the total amount of CoTSPc, if used at low concentration.
At higher concentration IeveIs, however, the specific activity diminishes with further addition of CoTSPc, which is ascribed to dimerization processes now becoming operative_ One should note that at too high a CoTSPc Ievel even a decrease in absolute rate can be effected by an additional amount of CoTSPc_ The proposed equilibrium between free CoTSPc and CoTSPc bound to the matrix (Scheme 1) can account for the deactivation of the catalyst on addition of NaOH or HCL Since additional NaOH generates free RS-species in the solution, which will compete with the polymer-bound RS for CoTSPc ligation, the catalyst will move away out of the polymeric environment_ On the other hand, a strong acid will occupy the amine groups, thus preventing the thiolate groups Tom coordinating to the polymeric base_ The latter phenomenon may also be the reason for the loss in activity observed in subsequent runs: by the action of the accumulated H,O,, traces of sulfur-acids may be generated 1221 poisoning the catalyst_ An additional amount of RSH initiaRy will be able to partly drive out these strong acidic species, but as the accumulation of strong acids grows this recovery of active sites wiR diminish.
The bifunctional catalyst is now under continued investigation in order to elucidate the detaik of binding of the complexes and the mechanism of oxidation-Improvement of the stability of the catalyst during the oxidation,
